Abstract: Models to predict budburst and other phenological events in plants are needed to forecast how climate change may impact ecosystems and for the development of mitigation strategies. Differences among genotypes are important to predicting phenological events in species that show strong clinal variation in adaptive traits. We present a model that incorporates the effects of temperature and differences among genotypes to predict the timing of budburst of coast Douglasfir (Pseudotsuga menziesii var. menziesii (Mirb.) Franco). The main components of the model are (i) functions to calculate the accumulation of chilling units (CU) and forcing units (FU) during dormancy and (ii) a function defining the combinations of CU and FU needed for budburst (the possibility line). The possibility line was fit to data from 59 populations subjected to eight different winter environments. Differences among populations were incorporated into the possibility line using population coefficients that vary the FU required for budburst. Correlations among the population coefficients and variables describing local environments supported the hypothesis that genetic variation in budburst is largely an adaptation to summer drought. The new model can be used to test potential seed transfers as a strategy to mitigate some of the effects of climate change.
Introduction
Models to predict phenological events in plants are needed for forecasting how ecosystems may be affected by climate change. The timing of budburst is a key factor in forecasting climate-change impacts on ecosystem composition and productivity (Leinonen and Kramer 2002; Rötzer et al. 2004; Picard et al. 2005) . Changes in the timing of budburst during the past century are well documented and have been attributed to warmer winter and spring temperatures (e.g., ).
Although researchers have long recognized that temperatures during winter and spring affect the timing of budburst, the physiological mechanism for winter dormancy is poorly understood. Many temperate woody species have a chilling requirement in that some periods of cold temperatures (chilling) and warm temperatures (forcing) are needed before budburst will occur. The chilling requirement prevents budburst during periods of favorable weather that happen before the danger of cold damage has passed. Chilling and forcing are complementary in determining the timing of budburst; less forcing is typically required as chilling in-creases to an optimal level, after which additional chilling does not decrease the amount of forcing required for budburst (Campbell and Sugano 1979; Cannell and Smith 1983) .
Empirical models have proven useful for predicting budburst, and numerous models have been proposed for different species (see review by Hänninen and Kramer 2007) . Most models have been fit to phenological observations and meteorological records in a natural environment. Conclusions about the relative merits of different models have been influenced by differences among species, the range of temperatures tested, the test environment (natural or controlled temperatures), and model-fitting techniques (Hän-ninen 1995; Chuine et al. 1998 Chuine et al. , 1999 Schaber and Badeck 2003) . Chuine (2000) argued that many models are special cases of a unified general model of phenological development. The unified model has three main components: (i) response functions for the effects of temperature on bud dormancy, (ii) a defined period when temperature is effective, and (iii) a temperature-dependent threshold at which budburst occurs. Temperature response functions calculate the accumulation of chilling units (CU) and forcing units (FU) during the winter period. Harrington et al. (2010) evaluated temperature response curves for several species and argued that universal response curves could be used for different species. The period of effectiveness defines the start and end of the chilling and forcing periods and whether they are sequential (forcing begins after a fixed amount of chilling), parallel (chilling and forcing occur simultaneously), or alternating. The temperature-dependent threshold defines the combinations of CU and FU that result in budburst (termed the ''possibility line'' by Harrington et al. (2010) ). Species clearly have different chilling requirements and, thus, different possibility lines (Morin et al. 2009 ), but few models have attempted to parameterize differences among populations within a species (Morin et al. 2008; Garcia-Mozo et al. 2009; Mimura and Aitken 2010) . Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) is known to be closely adapted to its local environment, and populations show pronounced clines in many traits that are associated with environmental gradients (Campbell 1979; Rehfeldt 1989; St. Clair et al. 2005) . The coast variety of Douglas-fir (Pseudotsuga menziesii var. menziesii (Mirb.) Franco) has a native range in western North America that spans from about 348N to 548N and elevations from sea level to 2300 m (Hermann and Lavender 1990) . Although Douglas-fir grows under a wide range of conditions, the climate generally can be characterized as maritime or mediterranean with cool wet winters and warm dry summers. Genetic variation among populations of Douglas-fir follows the major regional gradients of climate (e.g., temperature and precipitation) and geography (e.g., elevation, longitude, and latitude) (St. Clair et al. 2005) . Considerable variation in both climate and genotypes also occurs within small geographical areas (Campbell 1979; Sorensen 1983; Loopstra and Adams 1989) . Although clinal variation in Douglas-fir has been widely documented, few results have been incorporated into predictive models. Phenological models that include genetic variation would be useful for evaluating seed transfer strategies to mitigate some effects of climate change. Earlier studies did not have the benefit of climate models (e.g., Daly et al. 1994; Rehfeldt 2006; Wang et al. 2006 ) that can predict values of climate variables for specific locations. Instead, many studies reported relationships with geographic and topographic variables that could be measured directly (e.g., elevation, latitude, distance from the ocean). Such variables are proxies for the suite of factors that characterize a local environment; however, climate variables provide much more detailed and biologically relevant information. Additionally, models that are intended to predict the effects of climate change or to identify populations that are well adapted to future climates need to be formulated to use climate variables as input.
In this paper, we extend the possibility-line model of Harrington et al. (2010) to incorporate genetic variation in budburst requirements among populations of Douglas-fir. The main components of the model are equations to calculate CU and FU as functions of temperature and the possibility line that defines the combination of CU and FU that will result in budburst. CU and FU accumulate concurrently during the winter, and budburst occurs when the combination of CU and FU reaches (or exceeds) the possibility line. We extend that model here by introducing population coefficients that vary the FU needed for budburst for a given level of CU. We evaluate the adaptive significance of the population coefficients by relating them to differences among the local environments of the populations we tested. The relationships are viewed through three hypotheses that although not mutually exclusive, emphasize different aspects of the environment and provide a basis for evaluating some impacts of seed transfer and climate change. For these relationships, positive correlations mean that more FU are required for budburst (so that budburst occurs later relative to other populations); negative correlations mean that fewer FU are required (and budburst occurs earlier).
Summer drought
Soil water typically becomes depleted during the dry summers that characterize the environment throughout much of the range of Douglas-fir. Early budburst is advantageous to align the period of height growth with the period of low water stress (White 1987; Joly et al. 1989 ). This hypothesis would be supported by positive correlations between the population coefficients and measures of precipitation (e.g., annual precipitation and precipitation during the growing season) and negative correlations with temperatures during the summer months. Under this hypothesis, we also predicted positive correlations with soil variables that indicate greater water-holding capacity, which would help to delay the onset of summer drought (i.e., high silt or clay content and low sand content).
Frost avoidance
Delaying budburst in the spring reduces the risk of cold injury to new growth. Additionally, the timing of budburst is correlated with the period when older needles and other tissues ''de-harden'' and become susceptible to cold injury (Aitken and Adams 1997) . This hypothesis would be supported by a positive correlation between the population coefficients and the date of last spring frost and by negative correlations with spring temperatures.
Premature forcing
Budburst may be triggered prematurely in environments in which many FU accumulate prior to the last spring frost. Requiring more FU for budburst may be adaptive in environments that have relatively large fluctuations in temperature. This hypothesis differs from the frost-avoidance hypothesis in that it focuses primarily on the accumulation of FU rather than on the timing of the last spring frost. For the populations that we sampled, the number of FU that accumulated before the last spring frost was weakly negatively correlated with the date of last spring frost, indicating that the accumulation of FU in winter should be considered a separate hypothesis. This hypothesis would be supported by positive correlations between the population coefficients and measures of FU at the time of last spring frost. Because chilling reduces the number of FU required for budburst, the hypothesis would also be supported by positive correlations with measures of CU at the time of last spring frost.
Materials and methods

Budburst data
Data were from an experiment conducted during the winter of [2007] [2008] to test the effects of winter temperature on dormancy release. The experiment was conducted simultaneously at Olympia, Washington (46.968N, 122.968W), and Corvallis, Oregon (44.568N, 123.298W) . Seeds came from 120 open-pollinated parent trees at 60 locations (two families per location). Germination and survival were poor in some cases, leaving 109 families at 59 locations (Fig. 1) . The two parent trees at each location were typically separated by less than 1 km in distance and by less than 40 m in elevation. Locations were arranged roughly into 12 groups defined by four latitudinal bands (40, 43, 45, and 478N) and three physiographic regions (coast, low-elevation inland, and high-elevation inland).
Seeds were stratified for 45 to 55 days and sown in April 2007 in styroblocks (20 cells per block, 710 mLÁcell -1 ). Seedlings were subjected to four temperature regimes beginning in November 2007 by moving seedlings between the outside (ambient temperature) and heated greenhouses (>10 8C). The objective was to reduce chilling by different fixed amounts for each treatment based on the assumption (later shown to be false) that temperatures > 10 8C were not effective for chilling. Temperatures between 0 and 4 8C were assumed to have full chilling effectiveness (i.e., 1 h = 1 CU). The regimes were defined as ambient (A) (kept outside all winter), A -400 (seedlings moved into the greenhouses once each month in November, December, January, and February until 100 CU had accumulated at ambient tem- perature in that month thereby creating a 400 h chilling deficit for the winter), A -800 (200 fewer CU each month), and A -1200 (300 fewer CU each month). Temperatures in each environment were monitored with at least two temperature data loggers (HOBO, Onset Computer Corp., Bourne, Massachusetts). Seedlings were watered by hand during the winter. The mean greenhouse temperatures were 11.2 8C in Olympia and 14.3 8C in Corvallis. Because both ambient and greenhouse temperatures were different in Corvallis and Olympia (averaging 0.4 and 3.1 8C warmer, respectively, in Corvallis), we had eight different winter environments.
All seedlings were moved outside to the ambient environment at the beginning of March. Date of terminal budburst was recorded two to three times each week. Budburst was defined as when the bud scales first parted so that green needles were visible. The median budburst date (i.e., when 50% of seedlings had burst bud) was calculated for each family in each of the eight winter environments. Most seedlings remained healthy throughout the experiment; families were dropped if fewer than three of the 10 seedlings assigned to each environment remained healthy. Seedling mortality among treatments ranged from 0.1% to 5.2% during the winter period, with the greatest mortality in the A -800 treatments at both Olympia and Corvallis.
Modeling
The numbers of CU and FU that had accumulated in each winter environment up to the median budburst date were calculated using the effectiveness functions of Harrington et al. (2010) . Chilling effectiveness for a given temperature T is calculated by where CE is zero after 21 March (no additional chilling is counted after that date) and T < -4.7 8C or T > 16 8C. The date after which chilling is no longer effective (21 March) was determined by Harrington et al. (2010) based on a sensitivity analysis of their possibility line. It is 1.0 when eq. 1 yields a value > 1.0. Forcing effectiveness is given by
The accumulation of CU and FU is calculated by
where H k represents the period k (hours) between temperature observations, and n is the number of periods between 1 November and the median date of budburst. Chilling units in the eight environments ranged from 700 to 2600 CU. Forcing units ranged from 200 to 2200 FU. The possibility line predicts the FU required for 50% budburst for a given level of CU. The original form of the possibility line is
The extended form is
where a i is the population coefficient (a random effect for seed-source location i), and b 0 , b 1 , b 2 are fixed effects. Coefficients were estimated using the nlme package (Pinheiro et al. 2006) in R (Team 2006 ). The population coefficients (a i ) in eq. 6 are intended to capture differences among populations in the FU required for budburst for a given level of CU. One coefficient value was estimated for each seedsource location; therefore, it represented seed from two parent trees from the same environment in most cases. The population coefficients are multiplicative so that the change in FU is inversely proportional to CU and directly proportional to the FU estimated by the main effects alone (i.e., the average estimate for all populations). For example, the number of FU needed to reach the possibility line is multiplied by 1.05 for a population in which a = 1.05. An additive model was also tested (adding a fixed number of FU for all levels of CU), but it was inferior based on Akaike's information criterion (AIC; Akaike 1974 ) and an analysis of residuals. The ability of the population coefficients to consistently capture differences among seed sources within each of the eight winter environments was evaluated by calculating correlations between the population coefficients and the numbers of FU that accumulated at the time of 50% budburst of each population within each environment.
The model was used to illustrate a hypothetical seed transfer between two populations located near the extremes of the observed range of population coefficients. Populations were selected from the 10th and 90th percentiles of the distribution of coefficients. Budburst dates for the local and transfer populations were predicted for each of 25 years of hourly temperature records at each location. Budburst dates were predicted by (i) calculating the accumulation of CU and FU during each year and (ii) determining the date when the number of FU required for budburst was reached using eq. 6. To put the budburst dates into an environmental context, temperature records were used to calculate daily probabilities that the frost-free period had begun (i.e., probability there would be no temperatures < -2 8C from that day forward). The probability that soil moisture would remain high enough on each day to maintain 10% of potential evapotranspiration was calculated with DFHGS (Weiskittel 2006) .
Environmental data and analysis
A suite of variables describing the environment at the seed-source locations was assembled to interpret variation in budburst among populations (Table 1) . Climate normals for the period 1961 to 1990 were estimated from Rehfeldt's (2006) thin-plate splines (Crookston 2008) . Values for soil texture (percentages of sand, silt, clay, and rock) and waterholding capacity (volume water / volume soil) were obtained by intersecting the parent tree locations with the Natural Resource Conservation Service digitized soil maps for soil survey areas in California, Oregon, and Washington (USDA Natural Resources Conservation Service 2009).
Soil water recharge from snowmelt likely affects the onset of summer drought in some parts of the study region (Ichii et al. 2008) ; however, area-wide estimates of snow depth (like those that we obtained for temperature and precipitation) are not available. We calculated the probability of snow cover on or after 1 March and 1 April from 500 m gridded values of snow extent from the MODIS Terra satellite (Hall et al. 2006) . Snow extent was observed and reported every 8 days for 2000 through 2009. Snow cover (1 = snow on or after 1 March or 1 April, 0 otherwise) was calculated from the grid point nearest to each parent tree for each reporting period. Snow cover probabilities were calculated as mean snow cover values across the parent-tree locations for the 10-year period of observation.
Calculations of CU and FU required hourly estimates of winter temperature. A database of hourly temperature observations was assembled from three sources: the US National Climate Data Center integrated surface hourly database (Lott and Baldwin 2002) , the Natural Resources Conservation Service snow telemetry network (SNOTEL; http://www.wcc.nrcs. usda.gov/snow/), and the remote automated weather station network that is managed by multiple natural resources agencies. These data are archived at the Western Regional Climate Center (http://www.raws.dri.edu/). We extracted 25 years of records for each seed-source location using an algorithm to minimize the weighted distance between weather stations and seed-source locations. The 25 years of records were selected from a pool of records collected from 1950 to 2007; the same years were not used to represent all seed-source locations because records from different weather stations were incomplete or spanned different periods of time. The elevation differences between seed-source locations and stations were less than 250 m, and the mean elevation difference was only 12 m. Latitudinal distance was weighted three times more than longitudinal distance to minimize environmental differences owing to distances from the ocean. Seventy-five percent of station records were within 38 km in the east-west direction and 93 km in the north-south direction. The hourly records were used to calculate means (averaged among years) and 90th percentiles for the CU and FU that accumulate before the last winter temperature < 0 8C and CU and FU that accumulate before the last winter temperature < -2 8C. To integrate the effects of temperature, precipitation, and soil texture on available soil water, we used the soil water balance and evapotranspiration modules in the DFHGS growth model for Douglas-fir (Weiskittel 2006) . DAYMET estimates were used for climate inputs (daily temperature, precipitation, and solar radiation interpolated on 1 km grid) for the 1980 to 2003 period. We calculated mean evapotranspiration deficits (evapotranspiration -potential evapotranspiration) by month (ETD1 -12).
Support for the three hypotheses was evaluated by examining correlations (Pearson's r) between individual variables and the population coefficients. Regression models were developed for subsets of variables using an exhaustive-search algorithm (Lumley 2009 ). A final model was developed so that population coefficients could be estimated from environmental variables for other seed sources. The number of predictor variables was limited to three to maintain parsimony and to limit the effects of multicollinearity on coefficient estimates (Neter et al. 1996) .
Results
Model fitting
The population coefficients significantly improved the ability of the possibility-line model to predict budburst relative to a model with fixed effects only (i.e., eq. 5) (likelihood-ratio test, p < 0.001) (Fig. 2) . Population coefficients ranged from 0.87 to 1.13. Within each winter environment, population coefficients were strongly correlated with FU at 50% budburst of each seed source (r = 0.70 to 0.87). In other words, the coefficients captured differences among seed sources consistently across all of the winter environments that were tested. The intrapopulation variance was 9893.7 FU 2 and the intrafamily variance was 9781.7 FU 2 . There was more variability among seed sources in the number of FU required for budburst in the winter environments that received the least chilling (e.g., treatments A -1200 and A -800 in Corvallis) compared with those that received the most chilling (e.g., treatments A in Olympia and Corvallis). The multiplicative model duplicated this pattern, predicting greater differences in FU required for budburst among locations when chilling was low.
Evaluation of population coefficients
The population coefficients showed clinal variation within the study region, but there was also considerable variability within the 12 groups defined by latitude and physiography (Fig. 3) . Coefficient values were significantly correlated (p < 0.01) with latitude (r = 0.60), longitude (r = -0.38), and elevation (r = -0.48); however, eight groups had coefficients for both early (a < 1.0) and late (a > 1.0) budburst. Three groups had coefficients for early budburst only, and one had a coefficient for late budburst only.
Correlations among the population coefficients and environmental variables strongly supported the summer-drought hypothesis, while providing no support for the other hypotheses ( Table 2 ). The correlation with PPT ANN was the strongest among the annual climate variables, although the correlation with PPT GS was only slightly lower. In both cases, budburst was earlier (i.e., required fewer FU) in populations with lower precipitation. Populations with more variability in annual precipitation (greater PPT CV ) also had earlier budburst. TMP MAX and TMP WM were negatively correlated with the population coefficients, indicating that seed sources with warmer summer temperatures had earlier budburst. The negative correlation with TMP MIN (indicating earlier budburst in colder environments) was the opposite of expectation under the spring-frost hypothesis. SDAY, the variable most relevant to the spring-frost hypothesis, was not significantly correlated with the location coefficients (r = -0.11) and had a sign that was opposite of expectation. All of the variables that had significant correlations and were relevant to the premature-forcing hypothesis (e.g., FORCE 0 , FORCE -2 ) had signs that were opposite of expectation. Correlations with monthly precipitation and temperature also supported the summer-drought hypothesis (Fig. 4) . Correlations with mean and maximum temperatures indicated earlier budburst with higher temperatures. The July maximum had the strongest correlation among temperature variables (r = -0.59). Minimum temperature in most months was significantly correlated with the population coefficients and indicated later budburst in environments with higher minimum temperatures. Correlations with precipitation were positive and strong for all months, with somewhat higher peaks in the correlations in April (r = 0.72) and October (r = 0.75), suggesting that precipitation during both spring and fall is biologically relevant to the timing of budburst or that fall precipitation is a surrogate for other aspects of the local environments.
The best-subset regression algorithm identified the best model with one, two, or three predictors (Table 3) . Many other models were very similar to the best in terms of r 2 . Many of the top models included precipitation in April through October and measures of minimum winter temperature. The best three-variable model included September precipitation (PPT 9 ), minimum temperature in February (TMP MIN2 ), and minimum temperature in December (TMP MIN12 ). Replacing September precipitation with July precipitation (PPT 7 ) reduced the model r 2 only slightly and produced a more biologically relevant model given the evidence for the summer-drought hypothesis. The sign of one temperature coefficient was negative and the other was positive, but the net effect of temperature was negative (later budburst in warmer environments) for all but two of the observations. A more robust nonlinear model was fit based on the logistic function so that all predictions of population coefficients are bound between 0.75 and 1.25.
The population coefficient was predicted with the logistic model at locations in California, Oregon, and Washington where coast Douglas-fir has been observed on forest inventory plots (Waddell and Hiserote 2005) (Fig. 5) . The climate variables produced major gradients in predicted population coefficients with latitude (fewer FU required in the south) and elevation and longitude (fewer FU required at high elevations in the Cascade range in the eastern part of the study area).
Example of seed transfer
The budburst model with population coefficients can be used to evaluate the effects of seed transfers on the timing of budburst. We tested a long transfer distance by modeling a reciprocal transfer (i.e., seeds from both populations planted at both locations; locations are circled in Fig. 3 ) between a low-latitude, high-elevation inland population and midlatitude coastal population (Fig. 6 ). The inland location had a 50% probability of snow on 1 April; therefore, a second soil moisture curve that had a lag in the depletion of soil water was added to illustrate the possible contribution of snowmelt. The time window between the beginning of the frost-free period and the depletion of soil water was narrow at the inland location but much wider at the coastal location. The model predicted that budburst occurred in some years at the inland location when the risk of cold injury was still relatively high, but overall it performed well in the sense that it predicted budburst during the window when conditions are favorable for height growth. Although budburst was predicted to occur 50 days earlier at the coastal location, the risk of cold injury to new tissues was low. Differences between the two populations in predicted budburst date were small relative to variation among years and the differences between the two locations. At the inland location, mean budburst was 8 days later for the transfer population than for the local population. The difference between populations was 16 days at the coastal location. The range of predicted budburst dates among years was greater at the Fig. 4 . Correlations between population coefficients and monthly precipitation, minimum temperature, mean temperature, and maximum temperature at the seed-source locations. Correlations outside the shaded area were statistically significant (a < 0.05). Precip, precipitation; Temp, temperature; Max, maximum; Min, minimum. inland location (about 70 days) than at the coastal location (30 and 46 days for the two populations). The local populations had somewhat greater ranges in budburst dates than the transfer populations.
Discussion
The possibility-line approach was successfully extended to incorporate the effects of genetic variation in budburst among populations of Douglas-fir. Genetic variation is introduced through a single model parameter that adjusts the FU needed for a given level of CU to trigger budburst. Considerable ranges in CU and FU were created in our experimental treatments. The extended model was able to account for genetic variation consistently among all of the winter environments tested. For this study, we assumed that the temperature response functions (i.e., eqs. 1 and 2) do not differ among genotypes. We did not test this assumption, but past work has shown broad agreement among studies of different species and different winter environments in the chillingeffectiveness curve (Harrington et al. 2010) . Many species may share the basic mechanisms for sensing chilling and forcing, but the hypothesis needs further testing. The models presented here can be used to predict budburst dates for hypothetical seed transfers for which hourly temperature records are available (or can be estimated) for the transfer location and the seed-source locations are known (coordinates and elevation) so that climate information can be obtained to calculate the population coefficients. The   Fig. 6 . Example of reciprocal seed transfer between an inland environment (top) and a coastal environment (bottom). The shaded regions indicate the daily probabilities that soil water will be adequate to maintain at least 10% evapotranspiration based on daily weather over a 22-year period. The hatched regions indicate the probabilities that damaging cold (<-2 8C) will not occur after a given day based on 25 years of hourly temperature records. Solid triangles represent predicted budburst dates based on 25 years of hourly temperature records; open triangles represent the mean for each population in each environment. modeling approach may also prove useful in the development of models for other traits to better inform seed-transfer strategies. The model has not been validated with independent data; however, many of the seedlings that were measured for this study were later planted at coastal, lowelevation inland, and high-elevation sites. Initial measurements of budburst support the validity of the model, and the model can be rigorously tested with future data. The experimental conditions that were created to test different temperature regimes did not closely match actual winter weather. The model may need to be updated as more information becomes available.
The variation in the FU required for budburst appears small among the populations that were tested. In the seedsource transfer example, the transfer distance (as measured by the population coefficients) was equal to 80% of the observed range of the population coefficients, yet the average difference in predicted budburst date was only 8 days in one environment and 16 days in the other. Aitken and Hannerz (2001) showed that the range in the timing of budburst is generally smaller among conifers than that of other traits, e.g., the timing of bud set. St. Clair et al. (2005) found that the variance in first-year bud set was about three times that of second-year budburst among 1048 Douglas-fir seed sources. The relatively small variation in the timing of budburst can be viewed from several perspectives. For example, rare spring cold events may select against early budburst (thereby truncating the range of variability), despite the lack of evidence found in this study. The period of record is short relative to the life span of Douglas-fir. Stronger evidence for the spring-frost hypothesis may be found if the probability of rare cold events could be accurately calculated from a long period of record. The range in budburst may also be limited if opposing selection pressures are present in some environments, e.g., inland locations with both long periods of summer drought and relatively high probabilities of spring-frost events.
We tested whether the spring-frost hypothesis may apply to some populations but not to others but did not find strong evidence; however, it is likely that different factors have exerted different levels of selection pressure in various parts of the range of Douglas-fir (Rehfeldt 1989) . Consequently, our results should not be applied to the inland variety of Douglas-fir (Pseudotsuga menziesii var. glauca), which grows under a different climate (less precipitation and a shorter frost-free period) than coast Douglas-fir.
A hypothesis that is supported by our results is that mechanisms for winter dormancy and release have conferred enough phenotypic plasticity such that, even without local adaptation, the timing of budburst is generally synchronized with the beginning of the growing season in many environments . In the transfer example, budburst for the coast population was predicted to occur, on average, 53 days later at the inland location versus at its local environment. This matches fairly closely the difference between locations in the average day of last spring frost (43 days). Similarly, budburst for the inland population was predicted to occur, on average, 60 days earlier at the coastal site versus at its local environment. These predictions match initial results from the seedlings that were planted later. At two sites where the difference in the average day of last spring frost is 25 days, the difference in the time to reach 50% budburst in 2009 was 27 days. Differences in the accumulation of CU and FU in the two environments were adequate to coordinate budburst approximately with the beginning of the frost-free period. It appears that budburst could occur even earlier at the coastal location based on the probability of cold injury; however, strong selection pressure for early budburst would not be expected in environments where soil water does not become limiting until much later in the growing season.
Although the range of variation in budburst was low, it may have a considerable impact on productivity. Height growth rates are critical for trees to obtain and maintain dominant or co-dominant canopy positions. The availability of soil water clearly affects height growth on an annual basis (Newton and Preest 1988) . Fixed growth (i.e., expansion of growth units preformed in the bud) is completed within a short period (e.g., 20 to 50 days) after budburst (IrgensMoller 1967; Krueger and Trappe 1967) . Water stress during the period of fixed growth reduces height growth increment by reducing stem unit length (Rose et al. 1993) . In environments with a short window between the beginning of the frost-free period and the depletion of soil water, a difference of several days may be enough to affect productivity. If soil water is adequate, the first flush of fixed growth can be augmented in Douglas-fir by free growth (new stem units without forming a bud or second flushing) (Cline and Harrington 2007) . In dry environments, the annual height increment is likely determined most by the length of the first flush.
The strong support that we found for the summer-drought hypothesis is relevant to the development of seed-transfer strategies. Douglas-fir is already widely planted, which provides the opportunity to move genotypes based on the expectation that they will be better adapted to a future local environment than local populations. The climate in the Pacific Northwest is expected to become warmer in all seasons, with summer precipitation unchanged or slightly lower (Mote et al. 1999; Parson 2001) . These changes would advance the onset of summer drought and increase its severity. In many parts of the range of Douglas-fir, the time window for optimal height growth would begin earlier and become narrower. Although combinations of traits must be considered, genotypes with earlier dates of budburst may be better adapted to future climates than local populations. Climate change sometimes is viewed as being roughly equivalent to a shift poleward in latitude or upward in elevation; however, seed transfer from higher to lower elevation may make sense if it advances the date of budburst. Incorporating phenological models such as the one presented here into growth models based on physiological processes offers some intriguing possibilities for evaluating how different traits will interact with future environments to shape productivity.
Phenological models are useful for forecasting some of the effects of climate change. Our model can be used to estimate how changes in winter temperature will affect budburst. If warmer temperatures increase the accumulation of FU but have a relatively small impact on the accumulation of CU, then the date of budburst would be advanced. Conversely, if fewer CU are accumulated in warm winters without a commensurate increase in FU, budburst would be delayed. The effects of delayed budburst on productivity would be compounded by an earlier onset of summer drought. Evaluating how different climate-change scenarios would affect budburst and other phenological events would help inform decisions related to seed transfer and other strategies designed to mitigate the effects of climate change.
